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We present Raman spectroscopy measurements of non-etched graphene nanoribbons, with widths
ranging from 15 to 160 nm, where the D-line intensity is strongly dependent on the polarization
direction of the incident light. The extracted edge disorder correlation length is approximately one
order of magnitude larger than on previously reported graphene ribbons fabricated by reactive ion
etching techniques. This suggests a more regular crystallographic orientation of the non-etched
graphene ribbons here presented. We further report on the ribbons width dependence of the line-
width and frequency of the long-wavelength optical phonon mode (G-line) and the 2D-line of the
studied graphene ribbons.
PACS numbers:
I. INTRODUCTION
Graphene nanoribons have been extensively studied
in the past years [1–6], mainly due to their promise of
an electronic band-gap making them interesting for elec-
tronic applications. Confinement of electrons in these
nanoscaled structures is predicted to form a quasi one-
dimensional system [7] with its properties strongly de-
pending on the configuration of the edges [8, 9]. How-
ever, experimental and theoretical studies have revealed
graphene nanoribbons to be extremely sensitive to small
amounts of disorder, in particular to edge disorder [10,
11]. In fact, the transport characteristics of nanostruc-
tured graphene ribbons are mainly dominated by statis-
tical Coulomb blockade effects [5, 12]. Improvements on
the fabrication techniques allowing for cleaner edge con-
figurations are therefore of great importance and may
not only improve the transport properties [13] but also
enable the investigation of the unique vibrational proper-
ties of these graphene nanostructures [14]. Despite theo-
retical work [15, 16] there are - to our knowledge - only a
few optical characterization studies of graphene nanorib-
bons [17, 18]. Raman spectroscopy of carbon materials,
in general, has been identified as a powerful tool for de-
termining the number of graphene layers [19, 20], the
local amount of strain and doping [21], and for studying
electron-phonon interactions [9, 22–24] and therefore the
electronic properties themselves.
In this work, we report on Raman spectroscopy mea-
surements on non-etched graphene ribbons of various
widths (from ≈15 to 160 nm) resulting from peeling-off
a graphene flake on the boundary region of a hexago-
nal boron nitride (hBN) flake and its underlying SiO2
substrate. We show that the characteristic signatures
of single-layer graphene are well preserved and that the
configuration of the edges is more regular compared to
previously studied graphene ribbons fabricated by state-
of-the-art reactive ion etching (RIE) techniques [17, 18].
Moreover, the analysis of the full width at half maxi-
mum (FWHM) of the G- and 2D-line (ΓG and Γ2D) as
well as the frequency of the G- and 2D-line (ωG and ω2D)
provide strong indications of finite size and/or edge ef-
fects [15, 16, 18].
II. FABRICATION
The fabrication of the graphene ribbons is based on
purely mechanical exfoliation of graphite. We initially
prepared Si/SiO2 samples with deposited hBN flakes
(Fig. 1a). The hBN flakes have been mechanically exfo-
liated from pure hBN crystals and deposited onto the
Si/SiO2 substrate. Thereafter, the samples were im-
mersed in a piranha solution, 3:1 mixture of sulfuric acid
(H2SO4) and 30% hydrogen peroxide (H2O2), for 3 min-
utes and later rinsed with ultrapure water. This cleaning
procedure has a similar effect on the SiO2 surface than
a plasma etching step prior deposition of the graphene
flakes. Both methods are supposed to hydroxylate the
SiO2 surface [25] and therefore increase the local adhe-
sion of graphene to the surface. The Raman spectrum
of graphene on such a treated SiO2 substrate is charac-
terized by a very slight increase of the FWHM of the
2D-line [26]. The hBN flakes are known to be chemically
inert and therefore not affected by the piranha solution
at room temperature [27]. Interestingly, we nonetheless
observe an increase in doping of graphene on hBN com-
pared to graphene regions resting on SiO2.
While the hBN flakes have been directly deposited on
the SiO2 substrate, the graphene flakes have been pre-
pared on top of a ≈300nm-thick layer of polymethyl-
methacrylate (PMMA) previously spin-coated on a glass
slide [28]. Raman spectroscopy was used to identify
and select individual single-layer graphene flakes [19, 29].
The resulting graphene-PMMA-glass stamp was then
mounted in a mask-aligner in such a way that the
graphene flake could be aligned on top of the hBN-SiO2
piranha-treated chip [30]. Once on top of the hBN-
SiO2 target region, the two flakes were brought into
contact. This process was repeated until some parts of
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FIG. 1: (color online) (a) Optical microscope image of a
≈30 nm thin hBN flake (light blue color) on top of a Si/SiO2
substrate (grey color). (b), (c) and (d) Scanning force mi-
croscope (SFM) images taken in the region highlighted by
the black box in panel (a). (c) SFM close-up image of the
white-dashed box in panel (b). In this region the ribbons are
separated by a distance of around 1µm, twice as large as the
spot-size d ≈ 500 nm (white circle) of the linearly polarized
laser with an angle θ. (d) SFM close-ups of the ribbons (1),
(2), (3) and (4), also displayed in panel (c). Ribbons (1) and
(2) do not have a constant width, as highlighted in the two up-
per subpanels of panel (d). We show the wider and narrower
ends of these ribbons. (e) Characteristic Raman spectra of
bulk graphene on hBN [acquisition point B in panel (b)] and
of ribbon (2) [acquisition point A, panel (c)].
the graphene flake stuck to the hBN-SiO2 surface. This
technique utilizes van der Waals adhesion to peel-off the
graphene ribbons (shown in Fig. 1a), the hBN substrate
is therefore important for this fabrication process since
graphene adheres more strongly to the hBN than SiO2
[30]. The yield of this fabrication process is nonetheless
low and neither the position nor the width of the obtained
graphene ribbons is controllable. Therefore, this fabrica-
tion method is - in its present form - irrelevant from a
technological point of view, but it is extremely valuable
since it allows the Raman (and potentially transport)
investigation of non-etched, i.e. pristine, graphene rib-
bons. Moreover, we would like to emphasize that these
graphene ribbons were never in contact with any spin-
coated polymer resist typically involved in the fabrication
of etched ribbons, nor with any solvents such as acetone,
isopropanol or even water.
An optical microscope image of a fabricated sample is
shown in Fig. 1a. For simplicity, we grouped the ribbons
of similar width and labeled them as (1)-(4) (shown in
Fig. 1c). The widths were extracted from scanning force
microscope (SFM) images (Figs. 1b, 1c and 1d), result-
ing in a width of W ≈ 160 and 120 nm for the ribbons
(4) and (3). The widths of the ribbons (1) and (2) dif-
fer significantly between left and right ribbon ends (see
upper panels in Fig. 1d). Specifically, ribbons (1) and
(2) have a varying width from W ≈ 40 to 15 nm [ribbon
(1)] and W ≈ 45 to 20 nm [ribbon (2)]. In the follow-
ing, we will therefore refer to the average width W ≈ 25,
35, 120 and 160 nm of the ribbons (1), (2), (3) and (4).
The Raman data were recorded using a laser wave length
of 532 nm (h¯ωL = 2.33 eV ) through a single-mode opti-
cal fiber whose spot size is limited by diffraction. The
measurement setup is a commercially available confocal
Raman Microscope Alpha 300R from Witec, whose laser
is linearly polarized. The sample was fixed to a high-
precision rotation mount model PRM-1 from Thorlabs,
in order to manually adjust the polarization laser direc-
tion relative to the ribbon axis (see inset in Fig. 1c). A
long working distance focusing lens with numerical aper-
ture of 0.85 is used to obtain a spot size of approximately
500 nm (circle in Fig. 1c). Characteristic Raman spec-
tra of the narrow ribbon (2) and bulk graphene, both on
the hBN substrate, are presented in Fig. 1e. The Ra-
man spectra (labels A and B in Fig. 1b and 1c) show
the prominent G-line (≈1582 cm−1) as well as the single
Lorentzian-shaped 2D-line (≈2675 cm−1) as expected for
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FIG. 2: (color online) (a) Raman spectra (D- and G-line)
of the ribbon (3) on SiO2 as a function of the polarization
angle θ (see Fig. 1c). The difference in polarization angle
between subsequent traces is θ=22.5◦. The Raman spectra
are normalized to the G-line maximum height and shifted for
clarity. (b) Polar plot of I(D)/I(G) as a function of θ for
ribbon (3) on both hBN (blue trace) and SiO2 (red trace)
substrates. (c) and (d) Raman spectra of ribbon (4), on the
hBN substrate, at θ=0◦ (c) and 90◦ (d). The Lorentzian fits
to the data are shown in blue.
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FIG. 3: (color online) (a) Correlation between ω2D and ωG at
T = 300 K. The description of the black and gray axis as well
as the color code are introduced in the main text. (b) and
(c) False-colored Raman maps of I(hBN) and I(2D). (b) The
boundary between the hBN and SiO2 substrates is marked
with a white dashed line. (c) The individual ribbons (1), (2),
(3) and (4) are well differentiated from each other. (d) Map
of the local 2D-line shifts due to strain ω2D,ε obtained after
projecting all the Raman data points onto the strain axis
[solid black line in panel (a)] relative to its maximum value
[ωmax2D,ε, green point in panel (a)]. The scale bar is 2µm.
graphene. No defect induced D-line (≈1340 cm−1) or D’-
line (≈1620 cm−1) are observed on the bulk graphene re-
gion (acquisition point B), which confirms that the fabri-
cation method does not induce defects into the graphene
flake. In both spectra, a third prominent sharp peak
arises at ≈1365 cm−1, which is attributed to the Raman-
active LO phonon of hBN [31].
III. CHARACTERIZATION OF THE EDGES
In order to characterize the edges and in particular the
edge roughness of the graphene ribbons, we performed
polarization angle dependent Raman measurements. Fig.
2 shows the Raman spectra of the ribbons (3) (W ≈ 120
nm, Figs. 2a and 2b) and (4) (W ≈ 160 nm, Fig. 2c
and 2d) as function of the polarization angle θ of the in-
cident light (see inset in Fig. 1c). For each ribbon and
each polarization angle, a spectrum has been recorded
and the G-, D- and hBN-lines were fitted with a single
Lorentzian line shape (see examples in Figs. 2c and 2d).
In agreement with previous work [17, 32–34], the D-line
intensity I(D) appears to be strongest for polarization
parallel to the edge and reaches a minimum for the per-
pendicular polarization θ=90◦. This can be observed in
Fig. 2a, where each Raman spectrum corresponds to a
different polarization angle θ, starting from θ=11.25◦ to
θ=348.75◦ in steps of 22.5◦. Every trace in this plot is
normalized to the maximum intensity of the G-line and
shifted in the intensity and frequency axis for clarity. For
the rest of the analysis, we compare the ratio I(D)/I(G)
using the peak area of the fitted Lorentzian function as a
measure of intensity. In Fig. 2b we show a corresponding
polar plot which illustrates the expected mirror planes
at θ = 0◦ and θ = 90◦ [32, 33]. Raman spectra with
Lorentzian fits for the direction of maximum and mini-
mum D-line intensity (θ = 0◦ and θ = 90◦, respectively)
of ribbon (4) are presented in Figs. 2c and 2d.
According to Ref. [34] and assuming that I(G) does
not depend on θ, a lower bound for the edge disorder
correlation length ξ≈ 2vF /(ωLb) can be estimated from
the ratio b= I(D)min/I(D)max between the lowest and
highest normalized D-line intensity (I(D)min/I(G) and
I(D)max/I(G), respectively). For the ribbon (4) (Fig. 1c
and 1d), we obtain the lowest intensity ratio of b ≈ 0.055
(Fig. 2c and 2d), which yields a correlation length of
ξ ≈ 10 nm. This value is significantly higher than
the correlation length of ξ ≈ 1 nm reported on plasma
etched graphene nanoribbons [17] and therefore suggests
that the graphene ribbons have a more regular crystallo-
graphic orientation of the edges.
IV. STRAIN, DOPING AND FINITE SIZE
EFFECTS
For a more detailed investigation of the dependence
of the Raman spectra on the width of the graphene rib-
bons, we study spatially resolved Raman maps of the
sample. In particular, we recorded a Raman map of the
6 µm by 10 µm sample region shown in Fig. 1b with a
spatial oversampling of 200 nm and an integration time
of 15 s (with a laser spot size of 500 nm and a laser
power of ≈ 1 mW). The corresponding Raman maps of
the hBN-line and the 2D-line intensities, I(hBN) and
I(2D), are shown in Figs. 3b and 3c. One can identify
the hBN and SiO2 substrates and the graphene ribbons
(1)-(4), partly crossing both substrates. In the lower
right corner of Fig. 3c, bulk graphene is also observed.
By means of the so-called vector decomposition method
introduced by Lee et al. [21], we analyze the presence
of strain and/or doping variations in our sample. Ac-
cordingly, we plot the dependence of the G-line (ωG) and
the 2D-line (ω2D) positions (i.e. frequencies) for all the
Raman spectra recorded in the inspected area (Fig. 1b)
in Fig. 3a. The red points show the extracted Raman
data from spectra recorded on bulk graphene and rib-
bons, both on SiO2, whereas the light blue points are
from graphene regions resting on hBN. The blue data
points with error bars show the average values of ωG and
ω2D obtained for every individual graphene ribbon (1)-
(4) and bulk graphene (B) on the hBN substrate (see
labels in Fig. 3a). The solid and dashed lines indicate
the slopes of the strain and large-scale doping axis ac-
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FIG. 4: (color online) (a) and (b) Local distribution of ωG
and Γ2D, respectively. The scale bars are 2µm. (c) Averaged
ωG and ω2D for every individual graphene ribbon on hBN as
function of 1/W . (d) Averaged ΓG and Γ2D for the individual
graphene ribbons on hBN as function of 1/W . (e) Correla-
tions between ΓG and ωG for the ribbons and bulk graphene
on the hBN substrate. The light red data points correspond
to the narrowest ribbons (1) and (2) with their respective av-
erages marked in red. The ribbons (3), (4) and bulk graphene
(B) appear as gray data points with their average values in
black. The error bars in all the panels are half the standard
deviation.
cording to Ref. [21]. Please note that we do not know
the exact origin of these two axis and, for simplicity, we
marked the same origin as in Ref. [21] (see green point
in Fig. 3a). Interestingly, the red cloud of data points
clearly follows a slope of ∆ω2D/∆ωG = 2.2 (solid black
line), characteristic of uniaxial strain - in good agreement
with Lee et al. [21] -. Both red and main light blue data
clouds appear to be offset by ≈ 2.2 cm−1 in the ωG axis
with a direction parallel to the strain axis. This offset
is understood as a difference in induced doping [22] be-
tween the SiO2 and the hBN substrates (extracted doping
difference: ∆n ≈ 2 x 1011 cm−2), most likely due to the
treatment with the piranha solution of the hBN surface.
More interestingly, Fig. 3a suggests that the narrowest
ribbons [(1) and (2)] are subject to stronger doping com-
pared to bulk graphene and the wider ribbons. This is
noticeable from their mean positions [labeled (1) and (2)
in Fig. 3a], which are at the very right of this plot (see
right gray dashed line of slope 2.2). However, there is
an inconsistency with the line width of the G-peak that
will be discussed in the following section. Interestingly,
the same ribbons [(1) and (2)] seem to have also different
strain values compared to bulk graphene and the wider
ribbons [(3) and (4)] (see lower dashed line). This find-
ing is highlighted after projecting all (ω2D; ωG) points
onto the strain axis (the obtained values are labeled as
ω2D,ǫ). In Fig. 3d we show the corresponding spatial map
of the difference ω2D,ǫ − ω
max
2D,ǫ relative to its maximum
value ωmax
2D,ǫ. Here, we show that the strongest deviations
are clearly for the two most narrow ribbons (see yellow
and red regions in Fig. 3d). Please note that in bulk
graphene, the values decrease close to the hBN edge and
on bubbles (marked by white arrows in Figs. 1b and 3d),
which is a further sign that this quantity is indeed related
to strain.
For a more quantitative analysis of the dependence of
the Raman G- and 2D-modes on the ribbon width, we an-
alyze the changes in frequency and broadening of the G-
line as well as ω2D and Γ2D as a function of the averaged
ribbon width W . Apart from the aforementioned dif-
ference in doping between the hBN and SiO2 substrates
(Fig. 3a), the spatial representation of ωG (Fig. 4a) re-
veals a stiffening of the G-line for the narrower ribbons
(1) and (2), which is in agreement with Fig. 3a and
earlier work [18]. Fig. 4c shows ωG and ω2D as a func-
tion of the inverse averaged width (1/W ) for the different
ribbons. Interestingly, we observe an increase of ωG as
function of 1/W (see dashed line in Fig. 4c), meaning
that the smaller the ribbon the stiffer the G-line. This
is commonly attributed to edge doping and/or confine-
ment effects [18]. The 2D-line frequency ω2D does not
show any substantial dependence with the width of the
ribbons (see red data points in Fig. 4c). In Fig. 4d
we show that also the G- and 2D-peak line widths (ΓG
and ΓG) increase with decreasing ribbon width W . This
width dependent broadening might be an indication of
finite size effects [35]. In order to exclude doping ef-
fects for the increase of ΓG, we show the dependence
of ωG as function of ΓG (re-plotting the data shown in
Figs. 4c and 4d), in Fig. 4e. In complete disagreement
with experimental results on bulk graphene [9, 23, 24]
and theory [36] on doping dependent Landau damping,
we observe an increase of ωG with increasing ΓG. For
bulk graphene, exactly the opposite has been observed
in earlier experiments [9, 23, 24]. Finally, from Figs. 3a
and 3d we can estimate a maximum strain difference in
the narrow ribbons. Assuming uniaxial strain, we extract
a maximum strain difference on the order of 0.23% [21].
It is important to note that according to Ref. [37] these
values cannot explain the observed maximum broadening
of the G-line (Fig. 4e), making edge effects and/or finite
size effects a prime candidate to explain our experimental
findings.
V. CONCLUSION
In summary, we discussed Raman spectroscopy mea-
surements on lithography-free fabricated graphene rib-
bons made by direct exfoliation of graphene on hBN
flakes. Despite a prominent doping of the hBN sub-
strate, most probably induced by the fabrication process,
we were able to perform polarization dependent measure-
5ments that confirm a more regular crystallographic orien-
tation of the ribbon edges. Analysis of the frequency and
broadening of the G- and 2D-line show prominent differ-
ences between the narrowest ribbons (≈ 15 and 20 nm)
and the widest ones (bulk graphene included), suggesting
the presence of confinement and/or edge effects in these
narrow structures. The results of this work highlight that
further developments in the fabrication process yielding
cleaner graphene samples with regularly oriented edges
may enhance both the vibrational and electronic charac-
teristics of graphene devices.
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